I. INTRODUCTION

S
TABLE and reliable operation of islanded microgrids (MGs) requires a coordinated control of individual distributed energy resources (DERs) [1] . Conventionally, such coordination is achieved by means of the droop control method. In this method, the frequency and the amplitude of the DER reference voltage are drooped according to the average active and reactive power, respectively. By selecting appropriate droop coefficients, the load power is shared between the DERs according to the corresponding ratings [2] .
An intrinsic feature of the conventional droop method is the dependence of the frequency on the loading conditions [3] . This results in unwanted frequency deviations which degrade the power quality. The frequency deviations can be compensated by two different approaches.
1) Secondary Control Schemes: In this approach, which is inspired by the secondary control method in power systems, a central controller sends a frequency compensation signal to the DERs. The signal is used by the local controllers to shift the local P-f droop characteristics [4] . So, the steady-state frequency is restored to the nominal value [5] . However, the implementation of the secondary control level requires communication links among the DERs. In addition, the method does not prevent transient frequency fluctuations subsequent to load changes. In the case of power systems, such transients are negligible due to the smoothness of load changes. However, in islanded MGs, the relatively larger magnitude of the instantaneous load changes results in considerable frequency fluctuations.
2) Control Methods Based on GPS Synchronization: An al-
ternative approach is using the GPS timing technology [6] to realize the constant frequency operation. In this approach, each DER is equipped with a GPS receiver, which produces a pulse at a frequency of 1 Hz [1 pulse per second (pps)]. Since all GPS receivers are locked to atomic clocks of the GPS satellites, the 1-pps signal can be utilized to synchronize the DERs. Recently, several MG control methods based on the GPS have been proposed. In [7] , a power-angle (P-δ) droop characteristic is introduced to coordinate the power generation of the DERs according to the voltage angles. However, this method suffers from slow dynamic response due to the intrinsic delay of power measurement. In [8] , a power management system (PMS) is proposed to calculate the amplitude and the angle of the reference voltages of individual DERs according to the power flow requirements. The reference values are then communicated to the local controllers, which regulate the inverter voltages. However, this method requires communication links among DERs. In [9] , a decentralized plug and play (P'n'P) control method is proposed to ensure stable operation of meshed MGs subsequent to connection/disconnection of new DERs. However, the requirements of line parameters and load current feedback make the method difficult to implement. In [10] , the GPS timing is used to synchronize the rotating reference frames (SRRFs) of the local controllers. The DERs are then coordinated by drooping the dand q-axis components of the reference voltage with respect to the d-and q-axis components of the current, respectively.
So far, the GPS-based MG control methods have been studied using computer simulations [7] - [10] . Therefore, the practical issues concerning GPS synchronization have been largely neglected. The most important issue is the interruption of the GPS signal, which might result in circulating currents between the DERs or instability depending on the duration of interruption. Another issue is the interfacing of the GPS receivers with the local controllers.
In this paper, a novel decentralized control method has been proposed to enable practical implementation of the GPS timing technology in MG control applications. In this method, the DERs are synchronized by using a combination of GPS timing and adaptive Q-f droop characteristics. Under normal operating conditions, the DERs are synchronized based on the GPS signals and the frequency is fixed at the nominal value. In case that the GPS signal of a DER fails, the backup Q-f droop is activated to maintain synchronization with other DERs. The synchronization scheme does not require any information about the availability of the GPS signal at other DER units. In addition, a stable operation is guaranteed regardless of the number of DERs with GPS failure. The scheme is used along with V-I droop control method to enable coordinated operation without any communication link among DERs.
The salient features of the proposed control strategy in comparison with the previous schemes are summarized in Table I . In this table "Y" and "N" denote yes and no, respectively. Similar to P-δ [7] and V-I [10] droop schemes, the proposed method is independent from network topology/impedances and does not require a communication link between the units. Unlike the other methods, the proposed strategy is robust with respect to GPS failure. In terms of frequency regulation, fixed frequency operation is achieved as long as GPS receivers are functional. However, in case that several units experience GPS failure, the frequency is changed to guarantee safe operation.
The rest of this paper is organized as follows: the motivation of utilizing the GPS technology for MG control applications is addressed in Section II. In Section III, the fundamental of GPS time synchronization is explained. The proposed method is detailed in Section IV. The small signal stability of the method is studied in Section V. Experimental results are presented in Section VI to verify the efficacy of the method. Section VII concludes this paper.
II. SYNCHRONIZATION OF PARALLEL INVERTERS IN MGS
Consider the islanded ac MG of Fig. 1 . The MG is supplied by N voltage-source DER units, which are connected to the point of common coupling (PCC) through line impedances. Each DER is comprised of a dc energy source, a power electronic inverter, and a passive filter. The inverter voltage is controlled by means of a cascaded voltage-current control loop, which regulates the filter capacitor voltage v c to its reference value [11] . The output current of DER unit k (k = 1,2, . . . , N) is calculated as
in which v PCC , z ck , and z linek are the PCC voltage, output inductor impedance, and line impedance of unit k, respectively. Equation (1) implies that the current of each unit is dependent on the corresponding capacitor voltage. Stable operation of the MG requires the reference voltages of the units to be in synchronism with each other. Conventionally, such synchronization is achieved by using the droop control method. In this method, the reference frequency of each DER is obtained from an active power-frequency (P-f) droop characteristic, as follows:
where f, f 0 , and n are the reference and nominal frequency, and droop coefficient, respectively. Moreover, P is the average active power, which is calculated as
in which p and ω cp are the instantaneous power and cutoff frequency of the low-pass filter, respectively. The low-pass filter in (3) introduces a virtual inertia in the system and the P-f droop characteristic acts like a negative feedback, which stabilizes the system [12] . At the same time, it enables proportional sharing of the load between the DERs. However, the dependence of the frequency on the load makes this method inferior in terms of power quality. An alternative approach is fixing the frequency of the reference voltages at the rated value and coordinating the reference angles so as to achieve proper load sharing. This strategy necessitates the use of a common time reference by each of the DER units. Given the distributed nature of the MGs and the required timing accuracy, the GPS timing technology has been proposed as the practical solution [7] - [10] . The fundamentals of GPS timing and its application for angle synchronization of DERs are detailed in the Section III.
III. GPS TIME SYNCHRONIZATION
A. Fundamentals
Although the GPS is mainly known as a navigation system, it is also an accurate timing system. In fact, the GPS uses timing signals to obtain the position. The GPS receivers obtain the position based on the following equation [13] :
where (x i , y i , and z i ) are the coordinates of the satellite i, (u x , u y , and u z ) are the coordinates of the receiver, Δt i is the time shift of the signal received from satellite i, t b is the bias of the receiver clock with respect to the universal coordinated time (UTC), and c is the speed of light. The unknown variables in (4) are the coordinates of the receiver as well as the bias of the receiver clock. Expressing (4) for four different satellites, a system of four nonlinear equations with four unknown variables is obtained. The equations are then solved by using an iterative method to obtain the receiver location as well as the receiver clock bias. The time bias can be used to accurately compute the UTC time.
For the application of time synchronization in MGs, the receiver position is fixed after installation. Therefore, the receiver position can be calculated once and stored in the memory. Afterward, only the clock bias of the receiver needs to be computed. So, only one of the eight observable satellites is sufficient for the application. It should be pointed out that the clock bias is a dynamic variable, which changes over time due to the frequency drift of the local oscillator [14] . So, it is important to continuously update the clock bias.
B. Implementation
GPS time synchronization has been widely used in several applications including communications [6] , sensor networks [15] , and power systems [16] . Commonly, accurate time synchronization is achieved based on a timing pulse with a period of 1 s. The rise time of 1 pps is synchronized with the UTC time with accuracy of a fraction of microsecond.
The 1-pps GPS signal is connected to one of the inputs of the digital controller. The rising edge of the pulse is captured by the timer module and assigned as t cap . The time offset between the 1-pps signal and the local clock is computed as
in which "mod" refers to modulus. In other words, the offset time is the fractional part of the captured time. It is worth mentioning that the decimal part of t cap bears no information due to periodic nature of the 1-pps signal. The SRRF phase angle is computed as
in which ω 0 = 2πf 0 is the fundamental angular frequency. Assuming a constant and integer fundamental frequency, the angle of the SRRF at the rising edge of the 1-pps signal (t = t cap ) is zero. On the other hand, the 1-pps signal is synchronized to the global UTC time. Therefore, the SRRFs of the DERs are synchronized.
The accuracy of synchronization is dependent on the GPS receiver, the timer quantization, and the frequency drift of the local controller oscillator. The maximum phase angle error at time t can be expressed as
where e GPS , e timer , F d , and t GPS are the GPS receiver error, timer quantization error, frequency drift of the oscillator, and the instant of time at which the last GPS pulse is captured, respectively. The GPS and timer quantization errors are typically less than 1 μs. The oscillator frequency drift ranges from a few parts per billion for oven controlled crystal oscillators to 100 parts per million for typical crystal oscillators. Therefore, the angle error is less than 1°with typical oscillators. However, in case that the GPS signal is interrupted, the third term on the RHS of (7) grows over time. The increase in the angle error leads to circulating currents between the DERs and ultimately instability. In order to tackle this problem, a new robust control method is proposed in Section IV.
IV. PROPOSED CONTROL METHOD
The schematic diagram of the proposed control method is shown in Fig. 2 . The controller is composed of a synchronization block, which controls the reference angle of the SRRF (θ) so that the DER is synchronized with the rest of MG, a V-I droop controller, which adjusts the d and q components of the inverter reference voltage to provide even current sharing between the DERs, and the cascaded voltage/current controller, which regulates the inverter reference voltage. The controller output is converted to PWM signals, which control the inverter switches. The inverter is followed by a LCL filter, which eliminates the switching harmonics.
The V-I droop controller, which was originally introduced in [10] is simple, yet fast control method, which provides a decentralized current sharing based on a global SRRF. In this method, the inverter reference voltage is adjusted according to the output current as [17] v * cd
, and r q are the filter capacitor reference voltage, output current, inductor resistance and inductance, and the d-and q-axis droop coefficients, respectively. The normalized piecewise linear function g() is introduced to improve the current sharing accuracy at high loading conditions, when the DERs are susceptible to overcurrent.
The first term on the RHS of (8) is the no-load reference voltage of the inverter. The second term is introduced to compensate for the voltage drop on the output inductor. The compensation improves the voltage regulation at the terminal but also improves the current sharing accuracy. The third term is a droop characteristic [10] , which acts like a gain-scheduled virtual resistance [18] - [20] .
In order to achieve even current sharing, the droop coefficients are selected according to the DER ratings as [21] r d1 S rated1 = r d2 S rated2 = · · · = r dN S ratedN (9) r q 1 S rated1 = r q 2 S rated2 = · · · = r qN S ratedN (10) in which S ratedi refers to the rated apparent power of unit i. Assuming, v cd ≈ 1 and v cq ≈ 0, the active (P) and reactive (Q) powers are proportional to i d and i q , respectively. So, even current sharing implies even power sharing. The prerequisite for the implementation of the V-I droop scheme is synchronization of the SRRFs of individual local controllers [22] . In this paper, a novel synchronization mechanism is proposed to ensure safe operation of the MG regardless of the availability of GPS signals.
The schematic diagram of the sync mechanism is shown in Fig. 3 . It is composed of the GPS timing, adaptive Q-f droop, and angle calculation blocks. The GPS timing block calculates the offset time between the local oscillator and the 1-pps signal from the GPS according to (5) . The offset angle (θ offset ) is then obtained by multiplying the offset time with the fundamental frequency.
The function of the adaptive Q-f droop changes depending on the GPS signal status. When the GPS signal is present, the switch S1 is in state I. So, the droop frequency (δω) is calculated, according to a piecewise linear characteristic as where k Q is the droop coefficient, and Q l is the reactive power limit, which is selected as a fraction of maximum permissible reactive power (e.g., Q l = 0.9 Q max ). Equation (11) implies that while the magnitude of the reactive power is less than the limit, the droop frequency is zero and the DER operates at fixed frequency. However, if the reactive power goes beyond the range, the droop frequency is increased linearly.
In the case of GPS interruption, the switch S1 is changed to state II. So, the droop frequency is calculated, according to the following linear characteristic:
in which the droop coefficient is adjusted to have equal maximum droop frequency in both states. The operation of the adaptive Q-f droop is demonstrated in Fig. 4 . As for illustration, a 2 DER MG is assumed, in which DER1 (left-hand side) is synchronized with the GPS receiver, whereas DER2 (right hand side) is experiencing a GPS signal interruption. When the load reactive power is lower than Q l1 (operating point x), the frequency is fixed at f 0 and the total load reactive power is supplied by DER1. However, if the load reactive power is increased above Q l1 , (operating point o) the frequency rises to f 1 and the load is shared among the DERs.
Therefore, each DER might operate in one of the following modes: 1) GPS is present and |Q| ≤ Q l : frequency fixed at f 0 ; 2) GPS is present and |Q| > Q l : frequency dependent on Q; 3) GPS is interrupted and Q = 0: frequency fixed at f 0 ; 4) GPS is interrupted and Q = 0: frequency dependent on Q. The DERs might switch between the operating modes as a result of GPS interruption/reconnection or load changes. In order to ensure a smooth transfer between different operating modes, an angle calculation scheme is deployed.
The function of angle calculation block is controlled by switch S2. If the DER operates at mode 1, S2 is at state I. Otherwise, S2 is at state II.
In state I, the angle error (Δθ) is obtained as the difference between the previous value of the sync angle (θ s ) and the offset angle. The angle error is then multiplied by gain b and saturated and the result is used to update the sync angle. Neglecting the saturation and mod blocks, the angle calculation block is simplified to the diagram shown in Fig. 3(b) . The sync angle can be expressed as
in which b is a constant parameter. Rearranging the terms, the block transfer function is expressed as
Equation (14) represents a low-pass filter with a cutoff frequency of
where T s is the sampling period. The cutoff frequency of the low-pass filter is selected considering the tradeoff between smooth mode transition and time synchronization accuracy. In case the GPS is interrupted or Q goes above Q l , S2 is switched to state II. Neglecting the "mod" block, the angle calculation block is simplified to the diagram shown in Fig. 3(c) . So, the sync angle (θ s ) is updated as
Equation (16) represents a discrete-time integrator. Therefore, the sync angle is equal to the filtered offset angle or the integral of the droop frequency depending on the operating mode. The SRRF angle is calculated as the sum of the sync angle and ω 0 t.
V. SMALL SIGNAL ANALYSIS OF THE PROPOSED METHOD
In order to study the small signal stability of the proposed method, a mathematical model of the DER is derived in this section. The inverter reference voltage is represented in the global SRRF as
where v * cloc is the reference voltage in the local reference frame, which is obtained according to (8) , and δ = θ − ω 0 t is the angle difference between the local and global SRRFs.
Combining (8) and (17), the inverter reference voltage can be expressed as a nonlinear function of the system states. Linearizing around an arbitrary equilibrium point, the function is simplified as (19) in which V cd0 , V cq0 , δ 0 , and X c refer to the equilibrium value of d-and q-axis reference voltage in the local frame, the equilibrium angle difference, and the reactance of the output inductor, respectively. In addition, r d = r d g (I d0 ) − R c , r q = r q − R c , and I d0 is the equilibrium value of i d .
The angle δ is related to the average time offset (T) and reactive power (Q) as
in which c 1 and c 2 are constant coefficients, which depend on the controller operating mode. Moreover, s is the derivative operator.
The average time offset and reactive power are obtained from the instantaneous values as (23) in which q is the instantaneous reactive power and ω c2 is the cutoff frequency of the low-pass filter.
Substituting (23) into (22) and linearizing around the equilibrium point, the average reactive power is expressed as
where I q 0 is the equilibrium value of i q . The reference voltage is fed to the cascaded P + R voltagecurrent controllers in the αβ frame. The P + R controllers can be modeled as PI controller in the SRRF frame as [23] The LCL filter dynamics are represented as
R L is the resistance of the filter inductor, X L is the reactance of the filter inductor, and C f is the filter capacitance.
Combining (18)- (21) and (24)- (29), the DER dynamics are expressed in the state-space form as in which C v and C s are the states of the voltage and current controllers, respectively. The system stability is studied by analyzing the eigenvalues of the matrix A. The parameters used in this study are detailed in Section V. The loci of the dominant eigenvalues with c 1 = ω 0 , c 2 = 0 (mode 1) and r q varying from 2.5 to 40 Ω are shown in Fig. 5 . With the increase in r q , the low-frequency eigenvalues (4, 5) move away from the imaginary axis. This result implies faster current sharing dynamics. On the other hand, the resonant eigenvalues (6-9) move toward the imaginary axis. Consequently, the LCL filter resonance becomes less damped. Therefore, there is a tradeoff between the accuracy of current sharing during transients and the damping of the LCL filter resonance.
The dominant eigenvalues for different operating modes are depicted in Fig. 6 . It is observed that small signal stability is ensured in all operating modes.
VI. EXPERIMENTAL RESULTS
The proposed control method has been implemented on a three-phase laboratory-scale MG, as shown in Fig. 7 . The test MG is composed of three inverter-based DERs, three loads, and a resistive line model. A variable dc voltage source is used to supply the inverters. Electronically controlled circuit breakers are used to connect/disconnect the inverters and loads from the MG.
The test MG is composed of two experimental setups, which are connected in parallel. The DER1 is included in setup 1, and DERs 2 and 3 are included in setup 2. Each setup is equipped with a dSPACE 1006 controller platform. The dSPACE controllers are connected to PCs using the Ethernet interface. The "dSPACE Control Desk" program is used to manage the dSPACE controllers and plots/save the signals. The experimental results are captured using the "dSPACE control desk" and plotted in MATLAB.
In order to demonstrate the performance of GPS time synchronization, two Securecync GPS receivers from Spectracom 10 kHz. The load impedances are selected so that the full-load power is close to the MG capacity. The LV feeder is modeled by resistive line impedances. The droop coefficients r d and k Q are selected based on the permissible voltage and frequency deviations, respectively. The q-axis droop coefficient is then designed based on the small signal analysis of Section IV. The voltage and current controller parameters are designed based on the structured HÝ method [24] .
In order to study the performance of the proposed method, four tests are conducted: 1) step load change with the P-V/Q-f droop method; 2) step load change with the proposed method; 3) connection of a DER to the MG; 4) GPS signal interruption and reconnection.
With the aim of presenting a comparative study, the P-V/Q-f droop method [25] , which is conventionally used for MGs with resistive lines, is implemented. The conventional droop parameters are listed in Table III . The P-V and Q-f droop coefficients are designed based on the permissible voltage deviations and pole placement method, respectively. The step load response with the conventional droop method is depicted in Fig. 9 . Initially, loads 1 and 2 are connected. At t = 0.05 s, a large reactive load is connected to bus 3. Following the load rise, the active and reactive powers experience overshoot and ringing. The poor dynamic response is mainly originated from the power measurement delay. Moreover, the active power sharing is less accurate at higher loading conditions due to the larger voltage drops on the lines. As a result, the DER3, which is closer to the load, experiences a current overshoot as illustrated in Fig. 9(c) .
The step load response with the proposed method is depicted in Fig. 10 . Comparison of Figs. 9 and 10 reveals a significant improvement of the dynamic response. Specifically, the transient response of active and reactive power is smooth and the settling time is less than a cycle. As a result, the current of DER 3 rises smoothly. In addition, the active power sharing is more accurate at high loading conditions thanks to the piecewise linear V-I droop characteristics. This helps preventing DERs from overload. Furthermore, the rms voltage is within the permissible range (0.95 to 1.05 p.u.), as depicted in Fig. 10(d) .
The experimental results for the DER connection test are shown in Fig. 11 . Initially, DER1 and load 1 are connected to the MG. At t = 0.05 s, DER 2 is connected. It is observed that the load power is shared between the DERs following the connection. The transient of active power and current is smooth and the reactive power remains constant. Therefore, the proposed method enables smooth connection of DERs to the MG without requirement for additional synchronization mechanisms (such as PLL).
The experimental results for test 4 are illustrated in Fig. 12 . Initially, all of the DERs and loads are connected to the MG and all GPS receivers are active. At t = 5 s, the GPS signal of DER1 is manually interrupted. So, DER1 uses the linear Q-f droop characteristics to maintain synchronization with DERs 2 and 3. Since DERs 2 and 3 keep the system synchronized to the UTC time, the frequency is fixed at 50 Hz. So, Q 1 drops to zero, and Q load is shared between DERs 2 and 3 according to the v q -i q droop characteristics.
At t = 25 s, the GPS signal of DER2 is interrupted. Following, DER3 attempts to keep the frequency fixed. However, since Q load is higher than Q l , the DER3 is switched to mode 2, changing the frequency according to the piecewise linear Q-f characteristics. Consequently, Q 1 and Q 2 rise, and Q 3 is retained below the maximum value. At t = 45 s, the GPS of DER 3 is interrupted. As a result, DER3 is also changed to linear droop characteristics. So, Q load is equally shared between the DERs.
At t = 65 and 75 s, load 3 is disconnected and connected, respectively. It is observed that the step load response is smooth despite the GPS interruptions. At t = 90 s, the GPS signal of DER 2 is reconnected, changing the DER2 to mode 2. At t = 110 s, the GPS signal of DER1 is reconnected. At this stage, Q 2 drops below Q l , and the DERs 1 and 2 synchronize the MG with the UTC time. As a result, the frequency is changed back to 50 Hz and Q 3 drops to zero. At t = 140 s, the GPS of DER3 is also connected, switching the DER to mode 1. Subsequently, the reactive power is equally shared between the DERs.
Experimental results show that in case of GPS disconnection/reconnection, the DERs change their operating modes so as to maintain synchronization with the MG but also enable fast step load response regardless of the GPS availability. In terms of the power quality, fixed frequency operation is achieved as long as sufficient number of DERs receive the GPS signals. In addition, the voltage profile of the MG is within the permissible range of 0.95 to 1.05 p.u. 
VII. CONCLUSION
In this paper, a novel decentralized control method is proposed to for inverter-based islanded MGs. In this method, the SRRFs of the DERs are synchronized to a common reference frame by means of a sync mechanism, which uses a combination of GPS timing and an adaptive Q-f droop controller to align the reference angle of the DERs. In order to coordinate the active and reactive power generation of DERs and follow the load changes with a fast dynamic response, the DER voltage is adjusted according to the V-I droop characteristics.
The proposed control method has been tested using a laboratory-scale MG. The experimental results demonstrate that the proposed method favors from the following features:
1) fixed frequency operation as long as a sufficient number of GPS receivers are functional; 2) robustness with respect to GPS signal interruptions; 3) overdamped step load response, which eliminates current overshoots; 4) improved active power and current sharing at high loading conditions; 5) simple connection of the DERs to the MG; 6) voltage profile within the permissible range. The proposed method in this paper opens up a new way to integrate the GPS technology with the state-of-the-art control methods in MGs. A future step is using the GPS for measuring the phase angle of harmonic currents and developing advanced control methods for harmonic current sharing.
